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Abstract
High-spin states of the stable 157Gd nucleus were studied by a γ –γ coincidence measurement using multiple Coulomb
excitation with a 136Xe beam. Two rotational bands of the opposite parity coexisting along the yrast line were extended up to
29/2− and 29/2+ , respectively, one of which was of a νh9/2 configuration and the other was of a νi13/2 configuration. Fifteen
E1 transitions from the νh9/2 band to the νi13/2 band were observed. Absolute reduced transition probabilities, B(E1), of
these transitions were derived from the branching ratios obtained in this experiment and the lifetimes measured in our previous
experiment. The B(E1) values ranged between 0.36× 10−4 and 5.2× 10−4 [e2 fm2]. This enhancement could be explained by
introducing a parameter which effectively takes into account the octupole softness. It was also found that the matrix elements
of the E1 transitions had a term proportional to If (If + 1)− Ii (Ii + 1) understood in terms of Coriolis mixing.
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Electric-dipole (E1) transitions observed for near
yrast states in the low excitation energy are strongly
hindered because the E1 transition operator has to be
orthogonal to the excitation of the center-of-mass mo-
tion and the major part of the E1 transitions shifts
to the giant dipole resonance of energy higher than
10 MeV. The hindrance of the low energy E1 transi-
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tions is usually quantified in terms of the singe-particle
unit (Weisskopf estimate). The highest hindrance is
seen in an E1 transition in 180Hf which shows a hin-
drance factor of 1015, but the typical values range be-
tween 103 and 105 [1]. The E1 transitions between
two rotational bands were studied so far extensively
from both the experimental and theoretical points of
view. In some cases, relatively strong E1 transitions
(the hindrance factor as low as 103) were reported,
which were attributed to a static or dynamic octu-
pole deformation in the Ba–Sm [2–4] and Ra–Th re-
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gions [5–8], and an accidental near degeneracy of
the two Nilsson orbitals or static intrinsic reflection
asymmetry in the Pm–Eu region [9–11]. On the other
hand, strong E1 transitions between two rotational
bands of the 177Hf nucleus were studied more than
30 years ago using γ -ray spectroscopy after β-decay
[13,14]. Since the half-lives of the excited levels have
not been measured, the reduced transition probabili-
ties, B(E1), were derived using the rotational model
with an assumption of Q0 moment. The calculation
using Nilsson wave functions including the effects
of pairing, Coriolis coupling and octupole vibration-
particle coupling was carried out, and thereby the im-
portance of taking into account the effect of octupole
vibration was indicated by Bernthal and Rasmussen
[14]. Bohr et al. analyzed these data and indicated
that matrix elements depend on the angular momen-
tum term If (If + 1)− Ii(Ii + 1) defined by the ini-
tial and final states of E1 transitions [15]. After the
above discussion, many E1 transitions were observed
between two rotational bands with opposite parity of
odd-A nuclei in the rare-earth region [12,16–21]. Most
of those E1 transitions had the strength as high as
104 [e2 fm2] or lower. Hamamoto et al. [22] pointed
out that the measured E1 values were not explained
without invoking a coupling to an octupole vibration
from the discussion of the strength of the E1 transi-
tions [16,22,23].
Nuclear deformations of Gd isotopes that are lo-
cated in the light rare-earth region have a gradual
transition from a spherical shape in a closed shell to
a prolate deformation in a neutron rich region. Nu-
clei heavier than N = 90 exhibit well-developed band
structures based on various vibrational modes or a
single particle degrees of freedom. In particular, the
odd-neutron stable isotopes of 155,157Gd (N = 91,93)
have the following features; the ground-state rotational
bands with the h9/2 configuration are not yrast even
at the excitation energy of several hundred keV be-
cause the level energies increase rapidly as the angu-
lar momentum gets higher. Instead, the rotational band
of the i13/2 configuration, with the opposite parity
against the ground state, becomes yrast immediately
after the angular momentum is increased by a few h¯.
The relational members of the ground-state bands can
therefore decay to the i13/2 bands through E1 transi-
tions. In fact, a strongly enhanced population of the
i13/2 band was observed in our previous investigation
on the 155Gd nucleus using multiple Coulomb exci-
tation with a zirconium ion beam [24]. However, the
E1 transitions could not be observed from higher-spin
states [25,26] and the measured B(E1) values from
lower-spin states were not large [27,28]. Hence the
mechanism of this enhancement has been still an open
problem. On the other hand, in the case of 157Gd, the
high-spin members of the i13/2 band and the E1 tran-
sitions have not been measured. In order to investigate
the high-spin states in 157Gd, the γ –γ coincidence
measurement by multiple Coulomb excitation using a
heavy ion beam was carried out.
Since the 157Gd (N = 93) nucleus is located on the
neutron rich side, there is no typical (HI, xn) reaction
that can populate the high-spin states in 157Gd using an
ion heavier than an alpha particle. The 157Gd nucleus
was excited with the multiple Coulomb excitation
using the 136Xe ion. The 136Xe beam provided by
an ECR ion source was accelerated to the energy of
516 MeV by the tandem accelerator with a linear
post accelerator at the Japan Atomic Energy Research
Institute (JAERI). In order to detect γ -rays with
high energy resolution, the recoil 157Gd nuclei were
stopped in a thick target, which was a self-supporting
metallic foil enriched to 96.1% with a thickness of
21 mg cm−2. The γ -rays from excited states were
detected with an array, GEMINI [29], consisting of
10 HPGe detectors with BGO Compton suppressors.
The HPGe detectors were placed at angles of 32◦,
58◦, 90◦, 122◦ and 148◦ with respect to the beam
direction. The typical energy resolutions of HPGe
detectors were 2.2 keV at 1.3 MeV and the efficiencies
were about 40–70% relative to that of a 3′′ × 3′′
NaI detector. The experimental data were recorded
event by event on magnetic tapes when two or more
HPGe detectors responded, and thereby approximate
1 × 107 γ –γ coincidence events were collected.
After the experiment, the double or higher fold γ –γ
coincidence events were sorted to Eγ –Eγ matrices of
4096 channel × 4096 channel, from which the gated
spectra were created. A level scheme was constructed
from the coincidence relations, the intensity balances
and the DCO ratios. Relative intensities were derived
from the gated spectra as well as singles spectra. The
spin assignment was made from the DCO ratios of
32◦ and 90◦. The DCO ratios of the pure dipole (E1)
transitions were clearly separated from the ones of
quadrupole transitions.
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Fig. 1. Typical gated spectra in 157Gd. (a) A sum spectra gated by the 363 and 385 keV γ -ray in the ground-state band. (b) A sum spectra gated
by the 148 and 327 keV γ -ray in the h11/2 band.
The unpaired neutron of the 155Gd or 157Gd nucleus
can occupy one of the high-j orbitals h9/2, i13/2 and
h11/2 near the Fermi surface. In our previous work, the
ground-state band of 157Gd with the h9/2 configuration
was observed up to 25/2− using Coulomb excitation
[27]. On the other hand, only a few levels of the i13/2
band were excited. The band structure of the i13/2
configuration with spin lower than 11/2− was studied
using β–γ spectroscopic methods [30], whereas only
the excitation energies of the 11/2− and 13/2− states
were measured using one-nucleon transfer reactions
[30,31]. In Fig. 1, it is shown that many γ -rays of both
bands have the same energies within 2 keV in the gated
spectra. Since many γ -rays can be observed in odd-A
nuclei by Coulomb excitation using a heavy ion beam,
a γ –γ coincidence measurement from stopped recoil
nuclei is very effective to resolve the doublet γ -rays
and to observe weak transitions of a side band. Fig. 2
shows the partial level scheme constructed on the
base of results of the present experiment. The ground-
state and i13/2 bands were extended up to 29/2−
and 29/2+, respectively. Both bands show the typical
characteristics of rotational motion consisting of two
E2 cascades and M1 transitions. We found that the
i13/2 band became yrast above the excitation energy of
100 keV and the energy difference between two bands
was increasing with the angular momentum. Fifteen
E1 transitions from the ground-state band to the i13/2
band up to 27/2− were observed for the first time
(see Fig. 2). Eleven interband transitions were between
the favored members or the unfavored members of
the respective band, and four E1 transitions with no
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Fig. 2. Partial level scheme of 157Gd constructed from the current experiment. The ground-state band and the i13/2 band are shown. These two
bands, which have opposite parity, are linked by the E1 transitions.
Table 1
Nuclear spin of initial and final state, mean-life, branching ratio of E1 transition, and B(E1) value in 157Gd. Data of life times are taken from
Ref. [27]
Jπ
i
Jπ
f
Energy [keV] Mean-life [ps] I (E1)/I (total) B(E1)× 10−4 [e2 fm2]
23/2− 21/2+ 484.5 2.7(3) 0.25(7) 5.2(16)
21/2− 19/2+ 353.6 4.5(5) 0.064(13) 2.0(5)
19/2− 17/2+ 390.5 6.4(6) 0.17(3) 2.7(5)
17/2− 15/2+ 292.4 11.7(12) 0.061(13) 1.3(3)
15/2− 13/2+ 279.4 14.3(14) 0.093(22) 1.9(4)
13/2− 11/2+ 206.4 29(3) 0.063(19) 1.2(4)
11/2− 9/2+ 166.8 50(5) 0.048(16) 0.80(25)
9/2− 7/2+ 112.8 90(10) 0.029(10) 0.33(22)
7/2− 5/2+ 67.3 137(7) 0.007(6) 0.36(36)
19/2− 19/2+ 171.7 6.4(6) 0.006(2) 1.2(4)
17/2− 17/2+ 189.1 11.7(12) 0.009(4) 0.7(3)
15/2− 15/2+ 131.3 14.3(14) 0.003(1) 0.5(2)
13/2− 13/2+ 116.8 29(3) 0.004(2) 0.5(3)
3/2− 5/2+ 64.3 4.6 [µs]a 0.23(30)a 0.012(8)
a Mean-life and γ -ray intensities are taken from Ref. [30].
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Table 2
The measured B(E1) values from octupole band to the ground band
of neighboring even–even Gd isotopes
Nuclei Transition B(E1)× 10−4 [e2 fm2]
156Gd 3− → 2+ 22.7
3− → 4+ 19.8
158Gd 3− → 2+ 6.3
3− → 4+ 5.1
change of angular momentum were also observed.
The B(E1) values of the interband transitions in
157Gd were derived from the branching ratios of
this experiment and the life-times which had been
measured using the recoil distance method in our
previous experiment [27] (see Table 1). The extracted
B(E1) values range from 0.36 × 10−4 to 5.2 × 10−4
[e2 fm2] and become larger with the excitation energy.
The Gd isotopes are located on the edge of the Ba–
Sm region, in which the octupole bands were reported
in many even–even nuclei. The E1 transitions from
the 3− states of the octupole bands to the ground
bands were measured by McGowan and Milner [32]
in neighboring even–even nuclei (see Table 2). As
compared with the B(E1) values from the octupole
bands, the orders of magnitude in 157Gd are the same
as those in 158Gd. Most B(E1) values of high-spin
states in the rare-earth region, which were listed in
Ref. [16], are in the order of 10−4 [e2 fm2].
If the Alaga rule holds for the E1 transition,
the B(E1) value can be expressed for the following
equation:
B(E1;Ki, Ii →Kf , If )
(1)= {〈IiKi1κ |IfKf 〉M(E1, κ =Kf −Ki)
}2
.
However, Bohr and Mottelson [15] indicated that the
matrix elements of the E1 transitions between two
rotational bands in 177Hf were not constant and the
effect of the Coriolis interaction would modify the
equation as the following [15]:
B(E1;Ki, Ii →Kf , If )
= 〈IiKi1κ |IfKf 〉2
× {M1(E1, κ =Kf −Ki)
+M2(E1, κ =Kf −Ki)
(2)× [If (If + 1)− Ii(Ii + 1)
]}2
.
Fig. 3. The B(E1) values of the transitions in 157Gd. The B(E1)
values belonging three group defined by the spin change are shown.
The sign of the 64 keV transition having positive x value does not
affect those of other groups.
In the rare-earth region, E1 transitions between high-
spin states were reported in several odd-A nuclei.
However, the lifetimes of excited levels were not
measured in most cases. The B(E1) values were
derived from the intensity ratios of decaying γ -rays
assuming the rotational band of the constant Q0
value. This assumption brings an uncertainty into
theoretical discussions. In fact, different Q0 values
were assumed for the different analyses on 177Hf
[15,22]. The determination of the B(E1) values on
a firm experimental footing therefore is important to
clarify the origin of the enhancement and the angular
momentum dependence. In some rare-earth nuclei,
B(E1) values were deduced from measured level
lifetimes. The B(E1) values in 165Tm measured using
the DSAM technique do not follow Eq. (2).
In order to compare the present result with Eq. (2),
the root of B(E1) corresponding to the matrix element
are plotted in Fig. 3. The E1 transitions consist of three
groups defined by the angular momentum change,
which are I → (I − 1), I → I and I → (I + 1)
transitions. Nine γ -rays belonging to the first group
(I → (I − 1)) have negative x values and are located
at the left part in Fig. 3. All I → I transitions
belonging to the second group have x value of zero
and should have the same value according to Eq. (2).
Four B(E1) values obtained in the present experiment
agree with each other within the errors. The I →
(I + 1) transitions have not been observed from high-
spin states because of the small energy differences
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between the initial and final levels. Fortunately, the
64 keV transition belonging to the third group from the
band-head with the i13/2 configuration to the ground
state has been known and its half-life and branching
ratio have been measured previously [30]. A sign
of the matrix element cannot be determined by a
lifetime measurement because the B(E1) values are
proportional to the square of the matrix element. We
adopted the same sign for the matrix elements of the
first and second groups based on the chi-square fitting
to a straight line, and thereby we obtained the fitting
parameter M1 = −0.00083 and M2 = 0.0065 with
the uncertainty of 1.1 except the 64 keV transition.
Since the matrix element of the 64 keV transition is
much smaller than those of the transitions belong to
other groups, this sign could not affect the values of
other group. We, hence, assumed that all groups had
positive signs for the following discussion. The fact
that the data fit Eq. (2) is evidence that there is a
substantial amount of Coriolis mixing in the initial
and/or final states. The admixture could arise from
mixing of single-particle states or octupole vibrations.
Recent calculations by Hamamoto [22] indicate that in
157Gd the mixing is due to octupole vibrations.
Hamamoto et al. [22] reported that a microscopic
calculation using a model in which a quasiparticle
coupled to a rotor cannot reproduce the measured
B(E1) values and the angular momentum dependence
of E1 transitions in 177Hf could not be explained
only by the standard E1 transition operator. The fol-
lowing modified E1 operator was proposed, which
took a particle-octupole-vibration coupling into ac-
count [22],
(3)O(E1, κ)= eeffrY1κ + ebκr3Y3κ ,
where the second term Y3κ caused the enhancement
of the magnitude. It was reported that the parame-
ters b0 and b±1 depend on nuclei and were sen-
sitive to the configurations of the two bands [23].
The enhancement caused by the Y3±1 term was pre-
dicted to be observed in three pairs with K = ±1
around the ground band whose configurations were
5/2[642] ↔ 3/2[521] around N = 93, 7/2[633] ↔
5/2[512] around N = 99 and 5/2[532] ↔ 3/2[411]
around Z = 65. We stress that the configurations of
the two yrast bands of 157Gd (N = 93) were the same
as the first pair. Although the 155Gd nucleus has a
similar band structure, the E1 transitions from high-
spin states have not been reported, which were in-
vestigated using fusion-evaporation reactions [25,26],
and the B(E1) values in low-spin states were found
to be smaller than those of 157Gd. The configura-
tions of the yrast bands in 155Gd, 3/2[651](i13/2)↔
3/2[521] with K = 0 are not the same as those
in 157Gd. The similar situation was also recognized
in the Dy isotopes studied by in-beam γ -ray spec-
troscopy [33–35], in which the E1 transitions between
the yrast bands with K = ±1 in 159Dy (N = 93)
are reported [35] but not between the yrast bands with
K = 0 in 157Dy (N = 91) [33,34]. We hence think
that the difference between two isotopes (N = 91,93)
originates from the difference of the configurations in
the i13/2 bands and the systematic study of Gd and
Dy isotopes supports the prediction of the effect by
introducing a parameter which effectively takes into
account the octupole softness by Hamamoto et al.
[22].
In summary, the high-spin states of 157Gd were
studied using the multiple Coulomb excitation with a
136Xe beam. The ground-state band and the yrast band
of the i13/2 configuration were extended up to 29/2−
and 29/2+, respectively. Fifteen E1 transitions from
ground-state band to the i13/2 band were observed for
the first time. The B(E1) values were derived from the
branching ratios in the present study and the level life-
times measured in our previous study. Nine of the tran-
sitions belong to the I → (I − 1) group, while four of
them belong to the I → I group. The signs of the ma-
trix elements of three groups (two groups mentioned
above and the I → I + 1 group) were most probably
deduced to be the same from the chi-square fitting to a
straight line. It was found that the matrix elements had
a term proportional to If (If + 1)− Ii(Ii + 1) under-
stood in terms of Coriolis mixing. The enhancement
of the B(E1) values could be explained by introducing
a parameter which effectively takes into account the
octupole softness. The combination of configurations
with K =±1 was predicted by Hamamoto et al., in
which the effect of the operator r3Y3±1 would appear.
This is the first case where the B(E1) values in high-
spin states were obtained solely on the experimental
bases, which shows clearly both the enhancement and
the angular momentum dependence and consists of
the three groups defined by the spin change, and con-
tributes a lot to further theoretical discussions on the
low energy E1 transitions in the rare-earth nuclei.
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